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INTRODUCTION

A. OVERVIEW OF THE PROBLEM
As presented to the Committee, the fabrication of fuze pinions is dependent

upon foreign manufacturing capability involving either domestic manufacture
of pinions with foreign-made equipment or importation of pinions from foreign
suppliers. For obvious reasons, the goveirnment is desirous pf shifting this depen-
dency to a totally domestically based capacity. This particular problem has
resulted primarily because the United States »as nevi: really developed a capa-
bility for manufacturing miniaturized precision mechanical components ec>nomically,
but rather has traditionally relied upon foreign suppliers. Hence, the result of this
situation has been that manufacturing equipment is not being developed or manufac-
tured in the U.S. to satisfy this particular market. Further, because of this
deemphasis, skilled and qualified personnel are rare and at a premium, Of course,
all these factors tend to contribute to increasing the cost of manufacturing. In
this context, information provided to the Committee stated that domestically
manufactured gears cost 3¢ each versus 2¢ each for those imported from Europe,
Since the gear cutting equipment is highly automated, it would appear that the 1¢
differential is attributable not only to higher direct labor costs but to differences
in overhead burdens.

Hence, the quest is how to economically manufacture precision miniaturized
pinion gears when bounded by the following constraints:

® TLarge government orders of 20 to 50 x 106 pinions per month,

¢ Limited non-government market. In the short term, govern-
ment demand easily can exceed the non-government demand,

&  Traditionally, minimum U.S. emphasis in this market.

¢ Impending technological shift from timers of mechanical
vintage to completely electronic timer systems. This
particular point is cogent to long-range industrial plan-
ners, since research and capital investment dollars will
no. be placed in an area that is likely to become obsolete.




B. SURVEY TO ..ESOLVE THE PROBLEM
In evaluating alternative approaches to manufacturing miniature precision

pinfons, a review of fuze pinion tolerances was made. Usually, in precision
systems, tolerance control is exercised for the following two reasons:

1. Short-term positional or phase lag/lead control
between input and output elements.

2, Minimization of dynamic loads resultant from
mechanically induced errors.

The first objective has been quantitized as timing variations typically
like 3¢ deviations of 411 milliseconds in 60 seconds and 111 milliseconds in
3 seconds. Comments to the Committee indicate that present systems fall
well within these 3, limits. No dynamic loading information was given to the
Committee nor is it commonly available. But, the Committee's industrial
sources indicate a general lack of specific data relative to dynamic gear loads -~
other than to indicate that preloads and operational loads could be substantial.
The dynamic loads in gear teeth, due to mechanical errors such as total composite
error, are illustrated in Figure 1. 1 Clearly, mechanical errors do contribute
to increasing gear tooth loads; when designing in a marginal strength regime,
the tendency is to "error'" to the side of improved precision. Nevertheless, in
summary, quantitative information is not availahle to the Committee relative to
the dependency of timing errors and limit strength loads on the degree of mechan-
ical errors such as tooth-tooth composite errors (TTCE), or total composite
errors (TCE). Thus, the Committee is concerned with defining manufacturing
alternatives that produce an equivalent quality pinion. In this context, Table I
is presented to illustrate the precision capabilities of various manufacturing
techniques. 2 Caution must be used in reviewing this table because the
source of the data focuses on the more traditional gear sizes and not the miniaturized
versions. Hence, in the category of fuze pinion sizes, one should upgrade each
quality category, such as commercial to precision, and precision to ultra-

precision. Therefore, fuze pinions appear dimensionally to be in the beginning
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FIGURE1 Dynamic gear tooth load as a function of base pitch errors (fe). 1




TABLE1 Typical Tolerance Ranges (in inches
For Various Fabrication Processes
Maxiinum
Tooth Tooth Maximum Tooth-to-
General Surface Thickness Total Tooth
Fabrication Quality Finish Tolerance Composite Composite
Process Category @in.) (+t/=-0) Error Error
Milling (form) | Commercial 12-63 0.001-0.003 0.001-0. 003 0.0005-0, 002
Hobbing Precision 16-63 | 0.0003-0.002 |0.0002~0.002 - 0.0002-0. 0005
Shaping Precision 16-63 | 0.0003-0.002 |0.0005-0,002 0.0003-0. 0007
Grinding Precision 8-32 | 0.0002-0.001 |0.0001-0,001 0.0001-0. 0002
Shaving Precision 16-32 | 0.0002-0,001 }0.0002-0,001 0.0002-0, 0004
Honing Commercial 4-16 | 0.0005-0.002 |0.0005-0.0015] 0.0003-0.0007
Lapping Commerecial 4-16 | 0,001-0.002 | 0.001-0.003 0.0004-0. 001
Burnishing Commercial 8-16 0.001-0.003 | 0.001-0,003 0.0004-0. 001
Stamping Commercial 63-250 | 0.002-0,005 0.002-0, 005 0.001-0.002
Drawing Commercial 32-63 | 0.0015-0.005 | 0,0015-0.005 0.0005-0,002
Extruding Commercial 32-63 0,0015-0.005 | 0.0015-0, 005 0.0005-0, 002
Die Casting Commercial 63-1251 0.002-0.005 0.002-0. 006 0.001-0.003
Sintered powder | Commerecial 32-125§ 0,001-0.003 |0.0015-0,004 0.0007-0, 0015
Nonmetallic, Commercial 32-63 0.001-0.003 0.001-0.003 0.0004-0.0015
machined
Nonmetallic, Commercial 16-63 0.0015-0.005 | 0.0015-0.005 0.0005-0.002
molded

e e e




precision class. The specified 22 to 63y surface finishes are generally viewed
as coarse for these stringent soclications and fall within the commercial class.

From this short survey, alternatives available for large-volume, low-
cost pinion manufacturing are:

1. Conventional machining

2. Drawing or extruding

3. Zinc die casting

4, Plastic molding

5. Powder metallurgy

6. Chemical etch/diffusion bond processing
-In each case, what was sought was an existing technology with an appreciable

civilian base to which the military could turn in ar. emergency. In the context

of the survey, conventional machining is the present standard. Drawing or
extruding has not generally been used for precision gearing because of the

difficulty in maintaining good concentricity. This results because of distortion

due to cold-working stresses and unsymmetrical strains and spring-back. It is
possible to produce small pinions (in the precision class) with a 0.001-in. TCE

and 0.0004-in. TTCE at surface finishes of 10y. Of course, the operative require-
ment is cost--both from an operating and a die replacement standpoint.

Zinc die casting presents two problems. First, die cast materials have

relatively low strengths for fuze applications. Second, zinc alloys for die
casting can undergo long-term creep that can affect short-term timing accuracy
as well as tooth dynamic loads. The effects of creep are important since the
fuze gear train is under load for its storage period. Finally, to obtain precision
quality, secondary finishing operations may be required.

Plastic molding has developed rapidly as a manufacturing process and

new materials with improved properties are emerging. Of primary concern are

the static strength and creep strength of plastics relative to fuze pinion requirements.
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Powder mallurgy technology has been used to produce gears on the
order of 0.001 to 0.002 in. TCE, 0.001 in. TTCE, and 0.001 to 0.002 in. tooth
thickness. Usually, precision of this type is obtained by secondary deformation
or machining operations.

Chemical etch/diffusion bonding has recently developed as a method for
making intricate shapes such as fluidic elements and could be applied to the
formation of pinion/gear components. Typically, parts are fabricated by diffusion
bonding laminates whose shapes are controlled by photoetching. Procedures for
separating individual parts fromn the multipart sheets would have to be developed.

The last four of the above mentioned alternatives were discussed by the
Committee in order to define the specific advantages and shortcomings of each.
Particular attention was paid to the economics of each method of manufacture.
Subsequent sections of this report focus on specific details of these processes,
the materials that would be suitable for each, the extent of pinion/gear redesign
that might be necessary, the status of the technology necessary to implement the

particular manufacturing process, and the approximate costs of producing pinions

and gears by each process.

Little emphasis was given improvement of the con~entional machining

process since considerable expertise already exists and the primary goal of the
Committee was to define alternatives to this process. However, some consider-
ation was given to the possible easing of dimensional tolerances of conventionally
machined pinions as a means for improving the economics of this method of
manufacture and allowing a wider variety of equipment to be used in production.
A subsequent section of this report indicates the manner in which the effects ~€
dimensional tolerances in gears can affect gear train performance.

The drawing or extruding process for forming pinion cross-section rods

to be used as feedstock for machiniag operations also was considered by the

Committee. It was pointed out to the Committee that previous attempts to produce




pinions ir this manner resalted in machining burrs on the pinion teeth, thus
making the product ucacceptable. Furthermore, rod twistiug due to internal
stresses, tooth-form accuracy, and stress tears also were problems resulting
from the cold-work deformation process. Problems that occasionally occur,
such as stress tears, could be eliminated by hydrostatic extrusion if good
lubrication were achieved. There is limited present production of pinion stock
(usually brass) by conventional extrusion. Mr. E. R. Cunningham (Cyclops
Corporation), a special consuliant to the Committee, pointed out that the high-
strength specification on the Type 416 stainless steel used for pinions may be
detrimental to drawing or extruding operations (135, 000 psi minimum tensile
strength is called for, but probably only about 80,000 psi is needed). The cold
working necessary to achieve this strength may be detrimentai to the drawing or
extruding operation and also the subsequent machining operation. Furthermore,
sulfur or selenium additions to stainless steel for improved machinability give
rise to poor working behavior, especially in severe cold-work conditions. How-
ever, it is believed by the Committee that in spite of the fact that some improve-
ments could be made in the drawing and extruding processes, the probiems

mentioned previously would probably more than offset any realized gains.
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1. ZINC DIE CASTING

A. INTRODUCTION
The die casting process was developed in 1849, but it was not until about
1929 that modern zinc die casting production began. It was then that zinc of
99. 99 percent purity was developed. The success of today's zinc die casting
depends on this high-purity metal. Prior to its development, die castings pro-
duced even from 99. 95 percent purity were weak and brittie and deteriorated in use.
In the early 19308, die casting used only about 10 percent of the total
production of zinc metal while in recent years die casting accounted for over
40 percent of zinc metal tonnage. Increased automobile production coupled with
greater use of die castings per car area large factor in the upward trend. The
inherent advantages of zinc die castings over other types of castings as well as
other methods of fabrication accounts for the overall growth of the use of die
cast zinc throughout industry.

B. PROCESS

Three methods for the fabrication of pinions using zinc die casting may
be considered. The first method consists of casting the shaft, pinion, and gear
together as a single unit. This is obviously the most economical process since
no subsequent close tolerance assembly operation is necessary.

The second method consists of casting the shaft and pinior as a single part,
followed by assembly with the brass gear. This method has the advantage of
providing improved-quality gear teeth (strength and profile).

The third method consists of a process whereby the blanked brass gear
and a pre-machined steel shaft are assembled by a zinc bonding operation that
simultaneously forms the pinion. This process eliminates the need for the close
press fit tolerances required for the accurate assembly of gear: and pinions.
The components to be assembled (blanked brass gear and pre-machined steel
shaft) are positioned in a locating tool that maintains the required spatial

relationship between the components and also contains a mold or cavity for the
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injected metal (the cavity would produce the pinion). After the tooling is closed,
a small amount of metal is injected into the cavity. As the metal solidifies,
shrinkage occurs to lock into undercuts and grooves designed into the parts being
joined.

The first two methods, although possibly maore attractive economically
than the third, are believed to have technical drawbacks. In the first method, die
casting of gear teeth would be difficult due to their small size; mechanical failure
of these teeth would be a problem. In the second method, the formation of a
high-strength joint between the cast pinion and the blanked brass gear would be
a problem. The high operating stresses might make this location the site of
primary operating failures. In both of these processes, the strength of the zinc
pivots may be inadequate. Thus, the remainder of this section of the report deals
with the third fabrication method -- the zinc bonding of blanked brass gears and

3 pre-machined steel shafts with the bond region being cast in the form of the
pinion.

C. MATERIALS

Only zinc die casting alloy compositions for which considerable technological
experience exists were considered for this application. Composition specifications
for Zamak #3 (ASTM AG40A or SAE 903) and Zamak #5 (ASTM AC41A or SAE $25)
are covered by ASTM specification ASTM B-86-64 and are presented in Table II
along with typical properties of die castings produced from these alloys.
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TABLEIl Properties of Zinc Die Casting

Zamak #3 Zamak #5
(Specification ASTM B-86-64) (ASTM AG40A) (ASTM AC41A)
~ (SAE 903) (SAE 925)
Chemical Composition in % by weight
Copper 0.25 max, 0.75t01,25
Aluminum 3.5t04.3 3.5t04.3
Magnesium 0.020 to 0.05 0.03 t0 0.08
Composttion R 0.100 0.100
W%i:{t Lead Max. 0.005 0.005
Cadmium Max. 0.004 0.004
Tin Max. 0.003 0.003
Zinc (99. 99+ % purity) Remainder Remainder
Typica! Properties
Charpy impact strength, (ft-lb,
1x 1in. bar, as cast) 43 48
Charpy i npact strength, (ft-1b,
1 x 1 in, bar, after 10 yrs
indoor aging) 41
Charpy i mpact strength, (ft-1b,
4 x }in. bar, after 20 yrs
indoor aging) 39 20
Tensile strength, (psi as cast) 41,000 47, 600
Tensile strength, (psi after 10 yrs
indoor aging) 35,000
Tensile strength, (psi after 20 yrs
indoor aging) 33,000 36,000
Elongation, % (@in. 2 in. as cast) 10 7
Elongation, % (in. 2 in, after 10 yrs
indoor aging) 16
Elongation, % (in. 2 in, after 20 yrs
indoor aging) 20 12
Expansion (growth), (in. per in. after
10 yrs indoor aging) 0.0000
Expansion (growth), (in. per in, after
20 yrs indoor aging) 0.0000 -0. 0001
Brinell hardness 82 91
Compression strength, (psi) 60, 000 87,000
Modulus of rupture, (psi) ‘ 95, 000 105, 000
38,000

Shearing strength, (psi) 31,000
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D. DESIGN

A modest alteration of the pinion/gear assembly will be necessary to take
advantage of the potential of the zinc bonding process and to offset difficulties that
may arise due to the relatively low strength of zinc die casting alloys and problems
in achieving good mechanical interlocking between the cast pinion and blanked
brass gear,

The recommended design of the pinion involves the addition of a flange
at the end near the gear, as shown in Figure 2. The flange would primarily
strengthen the pinion teeth and secondarily aid in the bonding between the pinion
and gear.

The close tolerance hole presently used in gears to be assembl-d to
machined pinions would not be necessary. However, the hole pattern would
have to be designed to provide keying with the pinions during the die casting
assembly operation. While injected metai shrinkage would mechanically lock
! the assembly together, gear hole features would have to be designed to provide
strength to withstand service loads. For example, annular grooves would be
poor since they would not resist torque loads; straight or diamond knurling would

be recommended. Other forms of locking surfaces such as undercuts, lugs, or
dovetails also could be considered. (Since the bonding involved is mechanical,
not chemical, the components involved--blanked brass gear and pre-machiied
steel shaft--should not require chemical cleaning or fluxing but should be free
of grease and any foreign material.)

Dimensional tolerances are certainly of prime importance in the casting
of the pinions. Under normal circumstances in zinc die casting operations,
tolerances to + 0,003 inches per inch (length or diameter) are obtainable, For
conditions that require even closer dimensional control, tolerances down to
+0.001 inches per inch are possible by careful equipment and process control.
Zinc die castings can be produced with a minimum wall thickness of 0. 015 inches.

These tolerances appear to be adequate for pinion manufacture.
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Blanked

B R bl

Flange Cast as Integral
Part of Pinion to
Increase Tooth Strength

T

FIGURE 2 Pinion/gear assembly produced by zinc die casting process.
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Two factors that affect die casting accuracy are ex<csion of the die
casting surfaces and solidification shrinkage. As the number of castings made
in a particular die increases, the die surface progressively degrades and the
dimensional accuracy of the part decreases. Since the cast part shrinks as it
cools, care must be taken to insure process uniformity from part to part to
provide for constant amounts of shrinkage.

E. TECHNOLOGY STATUS

Although numerous industries use the die casting process, only a
selected few offer the skills and equipment sophistication necessary to produce
products equal in quality to those required in the successful production of
miniature high-tolerance parts.

One such company is the Gries Reproducer Corporation, located in New
Rochelle, New York. This company has had over 25 years of experience in the
high-volume production of miniature close-toierance parts.

Another company highly experienced in the production of automated
assembly equipment for high-speed assembly of small par :: by the zinc die
cast process if Fisher Gauge, located in Peterborough, Ontario, Canada.
Approximately 45 U, S. -based industries and about 85 foreign countries are
presently using assembly equipment developed by Fisher Gauge.

No special skills are necessary to operate this type of equipment;
operators may be trained very quickly.

F. COSTS

Since the configuration and quality of the casting die dictates the product
quality obtainable, éubsequent machining operations are virtually unnecessary.
Generally, savings in machining and finishing will amortize the costs of casting
dies over production runs in the low thousands. Scrap loss is extremely low

(as little as 2 to 4%) since sprues, gittes, and flash can be reused.
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Assembly equipment of the type necessary in this manufacturing process
presently costs approximately $25, 000 per unit. An additional cost of approximately
' $10, 000 per unit would be required for necessary tooling.
Since the feeding of blanked brass gears and machined steel shafts would
_be completely automatic, a production rate of approximately 800 to 1,000 pieces
per hour couid be reaiized.
The following are approximate costs:

$87 per 1,000 in lots of 5,000 pieces

$25 per 1,000 in lots of 100, 000 pieces

; $20 per 1,000 in lots of 500,000 pieces

* $18 per 1,000 in lots of 1,000,000 pieces

G. CONCLUSIONS

1. Fabrication of pinion/gear assemblies by a one-step zinc die
casting operation, although attractive from &n economical point
of view, would probably result in gear tooth problems during

production and/or service.

2. Fabrication of pinjon/gear assemblies by assembling blanked
brass gears to a zinc die cast pinion (including the shaft) would
probably result in service failures at the joint between the gear
and the pinion.

3. Zinc die cast bonding of blanked brass gears and pre-machined
steel shafts along with simultaneous casting of the pinion could
prove to be an attractive method for producing pinion/gear
assemblies. Design tolerances and economics do not seem to
be a major problem for this process; however, careful technical

evaluation of the product would be necessary.
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Preceding page blank

II. PLASTIC MOLDING

A. INTRODUCTION

A preliminary overview of the applicability of plastics as a substitute for
stainless steel in fuze pinions suggests that this would not be feasible if the more
common materials and typical methods are employed. Plastic pinions would have
to meet stringent dimensional and mechanical load criteria beyond those normally
associated with injection-molded plastic parts. Additionally, certain environ-

mental problems (such as creep, temperature and solvent resistance) that presently
are of little importance in metallic pinions could be expected to arise.

However, by placing extraordinary controls on machine operation, the
parts produced could be held to a reduced scatter on dimensions. Careful selection
of the plastic material could raise the mechanical properties close to those required
for this application. (It is of interest in this regard that an advertisement for
injection-molded plastic gears for watches appears on p. 35 of New Scientist,
November 1, 1973.)

?
B. INJECTION MOLDING

The basic process considered in this study for forming thermoplastic
materials into shaped parts was the injection-molding technique.

In essence, pellets of the plastic material are fed into the hopper of the
machine and then are transported by a screw through a heated barrel. During
the transport through the injection-machine barrel, the plastic material is exposed
to heat and pressure that causes the plastic to soften into a pliable mass. The
hot, pliable mass of plastic accumulates in front of the screw, and when a sufficient
charge is accumulated, the screw stops rotating and acts as a hydraulic plunger
to force the softened plastic into a relatively cool mold. The cool mold causes the

resolidification of the plastic, thus forming the desired shape.
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C. MATERIALS

The materials considered for this application were primarily glass-fiber-
filled thermoplastics such aa:

1. Glass-filled polycarbonate

2. Glass-filled nylon

3. Glass-filled polyester

D. DESIGN

One reason the application of plastic materials has grown at a tremendous
rate is that they can be made so that they can perform more than one function
(e.g., electrical insulation and mechanical support, structural support and
decorative capability, low cost and intricate design). However, there has been
no single, significant application that did not require the redesign of the part,
previously made in another material, in order to facilitate its economic pro-
duction in a plastic, Unless one takes the time and effort to design the part for
the plastic material to be used, then it is quite likely that an unsatisfactory
application will ensue.

This seems to be the case with plastic pinions for artillery shell fuzes for
which principal concerns are creep strength and fracture strengch, Unless the
system can be redesigned to limit the stresses substantially below abcut 30,000
psi, the use of plastics does not seem reasonable. The long-term (crr o\ stress

level would need to be limited to below 5,000 psi.

E. TECHNOLOGY STATUS

During recent years use of thermoplastic injection molding has increased
tremendously, and probably no major U.S. corporation is not involved in the
injection-molding process to some degree. Therefore, one can expect that a
vast pool of plastics expertise will exist in the United States in the foreseeable
future.

Moreover, there has been a continued striving to use plastic materials

in an engineering sense. That is, there is a growing awareness of the potential

b s e
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of these materials, and investigative programs related tc process control and

part uniformity are well under way in many industrial facilities. A major strength
in the use of plastics in artillery fuzes would be this strong and ever-growing
technological and productive industrial base.

F. EVALUATION PROCESS
1. Physical Dimension

Probably the first reaction encountered when discussing the dimen-
sional tolerances associated with the pinion/gear assembly is that requirements
are beyond the state of the art for injection molding. That statement is true for
the most part, considering the average plastic-molding facility; however, a
substantial amount of investigative work, particularly over the past five years,
has indicated that the proposed dimensional tolerances :an most likely be met by
modifying present equipment. These modifications would include revision of
portions of the hydraulic control system and modification of the basic process
control devices now used on most injection-molding machines.

For example, the 3 ; standard deviation limits on length in producing an
8~-inch tensile bar are:

Before Machine Modification: &.003 in.
After Machine Modification: +.0007 in,

It should be noted that the +.0007-in. tolerance range was made on a part
of substantial length, but data of the same basic type were obtained in a second,
unrelated, test program in the same company. In addition, at least one product
manufacturing operatio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>